We present a comprehensive study of the masses of pseudoscalar and vector mesons, as well as octet and decuplet baryons computed in O(a)-improved quenched lattice QCD. Results have been obtained using the nonperturbative definition of the improvement coefficient c sw , and also its estimate in tadpole improved perturbation theory. We investigate effects of improvement on the incidence of exceptional configurations, mass splittings, and the parameter J. By combining the results obtained using nonperturbative and tadpole improvement in a simultaneous continuum extrapolation, we can compare our spectral data to experiment. We confirm earlier findings by the CP-PACS Collaboration that the quenched light hadron spectrum agrees with experiment at the 10% level.
I. INTRODUCTION
Despite recent efforts in simulating lattice QCD with dynamical quarks ͓1-3͔, the quenched approximation is still widely used. While precision tests of QCD through numerical simulations with dynamical quarks are not possible with the present generation of machines, accurate calculations of experimentally known quantities, such as the light hadron spectrum, can be performed using the quenched approximation. Recently, the results of such a benchmark calculation using the Wilson fermion action have been presented by the CP-PACS Collaboration ͓4͔, superseding a similar study performed earlier by GF11 ͓5͔. Results from a similar calculation employing staggered fermions were published in ͓6͔. In Ref.
͓4͔ it was concluded that the quenched light hadron spectrum deviates significantly from experiment by about 10%. In order to reach this level of precision, one needs to have control over many systematic effects, in particular lattice artifacts. In Refs. ͓4,5͔ extrapolations to the continuum limit were performed, thus eliminating the dependence on the lattice spacing a. However, since the leading cutoff effects for
Wilson fermions are linear in a, it is desirable to corroborate these findings and extend the analysis to weak hadronic matrix elements by performing a similar study using an improved action.
To leading order in a the Symanzik improvement program amounts to adding the well-known Sheikholeslami-Wohlert term to the fermionic Wilson action ͓7͔:
Provided that c sw is chosen appropriately, spectral quantities such as hadron masses approach the continuum limit with a rate proportional to a 2 . Nonperturbative determinations of c sw have been performed in the quenched approximation ͓8,9͔ and for n f ϭ2 flavors of dynamical quarks ͓10͔. Estimates of c sw in tadpole-improved perturbation theory ͓11͔ are also widely used. Results for quantities in the light hadron sector using one or the other of the two methods have appeared recently ͓12-15,9,16-18͔.
In this paper we present results for the quenched light hadron spectrum in the continuum limit, using data computed for both nonperturbative and tadpole-improved definitions of c sw at several values of the lattice spacing. By combining the two data sets and performing a simultaneous continuum extrapolation, we obtain an independent check of the results reported in ͓4,5͔, using a different discretization of the theory. Here we concentrate on the light hadron spectrum. Our results for weak matrix elements such as decay constants will be published elsewhere.
The main conclusion of this work is that the previously observed agreement of the quenched light hadron spectrum with experiment at the level of 10% is confirmed. Furthermore, we present qualitative and quantitative analyses of the effects of O(a) improvement on mass splittings, the parameter J, the quark mass dependence of hadrons, and the approach to the continuum limit. In many ways this work is a continuation of a previous paper ͓12͔.
The outline of the paper is as follows: in Sec. II we present the details of our simulations, including the definition of improvement coefficients and our numerical procedures. Sections III and IV contain discussions of the ''raw'' results in the mesonic and baryonic sectors, respectively. The quark mass dependence of hadron masses is discussed in Sec. V. In Sec. VI we present our results extrapolated to the continuum limit. Detailed comparisons of our results and conclusions are presented in Sec. VII.
II. DETAILS OF THE SIMULATION

A. Improvement coefficients and simulation parameters
We have generated gauge field configurations using the Wilson plaquette action at three values of ␤ϭ6/g 0 2 , namely, ␤ϭ5.7, 6.0, and 6.2. We used the same hybrid overrelaxed algorithm described in ͓19͔. 
where S F W is the standard Wilson action and F is a lattice definition of the field strength tensor. The improvement coefficient c sw has been calculated to one loop in perturbation theory ͓20,21͔: c sw ϭ1ϩ0.267g 0 2 ϩO͑g 0 4 ͒. ͑3͒
It has also been determined nonperturbatively for ␤у6.0 in Ref. ͓8͔ and for ␤у5.7 in ͓9͔.
We have computed quark propagators at ␤ϭ6.0 and 6.2, using the nonperturbative determination of c sw from ͓8͔: ͗Re Tr Up͘,
͑5͒
in order to calculate quark propagators at ␤ϭ5.7, 6.0, and 6.2. In the following we shall refer to the data sets computed using either c sw np or c sw tad as NP and TAD, respectively. Our values for the hopping parameter were chosen such that they straddle the region of the strange quark mass. The simulation parameters for each data set are compiled in Table I , which also contains the estimates of the spatial extensions for each lattice in physical units. Exceptional configurations which were encountered at ␤ϭ6.0 for c sw np have been removed from the statistical ensemble. The incidence of those configurations is examined in more detail in Sec. II C.
In Ref.
͓22͔ it was argued that the bare parameters have to be rescaled in the O(a)-improved theory, so that spectral quantities approach the continuum limit with a rate proportional to a 2 . 1 In the quenched approximation the rescaling needs to be performed only for the bare ͑subtracted͒ quark mass
where c is the critical value of the hopping parameter. The rescaled quark mass m q is defined by
and the improvement coefficient b m has been computed in one-loop perturbation theory as ͓23͔
1 The rescaling is required if a mass independent renormalization scheme is adopted in which all renormalization conditions are imposed at zero quark mass. In order for such a scheme to be compatible with O(a) improvement, the renormalization of the bare parameters cannot be avoided. 
B. Hadron correlators and fitting procedure
Our quark propagators were calculated using both local and smeared sources and sinks. The smearing was performed using either the ''fuzzing'' technique described in Ref. ͓25͔ or the Jacobi smearing algorithm of Ref. ͓26͔. Both smearing procedures are gauge invariant. They also have a number of parameters, which can be tuned in order to optimize the projection on a given hadronic state. For Jacobi smearing the projection properties are controlled by the parameter S , which appears in the kernel of the smearing operator, and the number of iterations, N jac ͓26͔. Based on our experience, we always chose S ϭ0.25 and used N jac to control the smearing radius.
The fuzzing algorithm for hadronic correlators has three tunable parameters, denoted by c, N fz , and r. The parameter c is the so-called ''link-staple mixing ratio,'' which appears in the construction of fuzzed spatial links ͑at fuzzing level n͒ according to ͓27͔
͑9͒
where P denotes the projection back into the group manifold of SU͑3͒. The maximum number of fuzzing levels is given by N fz . Throughout this work we have used cϭ2 and N fz ϭ5. The size of the fuzzed source ͑sink͒ is then determined by r, which is simply the length of the straight path of fuzzed links emanating from the origin into all ͑positive and negative͒ spatial directions. An extensive investigation into the optimal smearing parameters, using the projection on both mesonic and hadronic states, was performed at ␤ϭ6.0 on 16 3 ϫ48 for c sw np ͓28͔. It was found that N jac ϭ16 turned out to be a compromise between good projection properties and acceptable noise levels in all types of correlators. Similarly, the optimal radius for fuzzed sources was determined to be rϭ6. For different ␤ values the radius r was scaled with the lattice spacing. The type of smearing and the corresponding values of N jac or r are listed in Table I for all data sets.
Quark propagators computed using smeared or local sources and sinks were combined into hadron correlators. We always use the generic notation ''S'' to denote correlators which have been smeared, regardless of whether fuzzing or Jacobi smearing was used to smear the sources and/or sinks. By ''L'' we denote unsmeared ͑''local''͒ sources and sinks. For instance, meson and baryon correlators which have been smeared at the source but not at the sink are both labeled ''SL'' in this notation. The generalization to other combinations of source and sink smearing is obvious.
We have computed meson and baryon correlators for degenerate and nondegenerate combinations of quark masses. Meson correlators in the pseudoscalar and vector channels were analyzed, as well as spin-1/2 ͑octet͒ and spin-3/2 ͑de-cuplet͒ baryons.
Our meson masses were extracted by performing correlated, simultaneous fits to the ͑LL, SS͒ or ͑LL, SL͒ combination of correlators. In most cases we used a double-cosh formula to fit the ground state and the first excitation, requiring the masses in the fit formulas to coincide for both the LL and SS ͑or SL͒ correlators. At ␤ϭ6.0 on 32 3 ϫ64, the double-cosh fits turned out to be unstable, so that we resorted to single-cosh fits to either the SS or SL correlator. For baryons we followed the same strategy, using double-exponential fits and, at ␤ϭ6.0, 32 3 ϫ64, a single exponential. All fitting intervals have been determined by performing a ''sliding window'' analysis, in which we first selected the maximum time slice t max of the fitting interval ͑usually t max ՇT/2͒ and then pushed t min to its lowest value which was compatible with the requirements of low 2 /N DF and overall stability of the fitted masses.
All statistical errors have been estimated using the bootstrap method with 1000 bootstrap samples. More details about our implementation of the method can be found in ͓29͔.
C. Exceptional configurations
It has been noted that calculations of fermionic quantities occasionally suffer from abnormally large fluctuations, in particular for small quark masses ͓30,8͔. These fluctuations have been linked to exceptionally small eigenvalues of the Dirac operator, and the gauge configurations on which they occur are usually called ''exceptional configurations.'' The fraction of such configurations in the total statistical ensemble increases for smaller quark mass m q and/or larger values of g 0 2 , c sw , and the lattice volume ͓8͔. In our simulations we have encountered exceptional configurations at ␤ϭ6.0, but not at the other two ␤ values. In order to compare their incidence for c sw tad and c sw np , we have analyzed distributions of observables for ␤ϭ6.0 on 16 3 ϫ48, using the smallest quark mass in the TAD and NP data sets. The chosen observable was the unsmeared ͑i.e., LL͒ pseudoscalar correlator at tϭT/2.
To this end we have determined the median x m and the values denoting the upper (x u ) and lower (x l ) ends of the central 68%. As a measure for the width, one can define the ratio
The distributions are quite similar for the TAD and NP data sets. First, their width is comparable, since ⌬x u /x m Ϸ0.65 in both cases. Second, both distributions extend smoothly out to about x m ϩ9⌬x u .
There are, however, differences in the tails of the distributions, i.e., the number of values encountered far beyond x m ϩ9⌬x u . In the TAD data set only one configuration is encountered, which produces a value at roughly 37⌬x u above the median, whereas in the NP data set there are three such configurations with values for the pseudoscalar correlator at 44⌬x u , 65⌬x u , and 360⌬x u above x m .
We draw two conclusions from this analysis. The fact that the width is comparable ͑i.e., the value of ⌬x u /x m ͒ suggests that the typical statistical fluctuations do not increase significantly as c sw is increased from its tadpole-improved perturbative estimate to the nonperturbative value. Second, we have confirmed the increase of the fraction of exceptional configurations ͑i.e., those configurations for which the observable shoots up to values which are orders of magnitude above the normal level of fluctuations͒ for larger c sw . The presence of a zero eigenvalue of the Dirac operator at a nearby value has also been verified for such configurations ͓32͔.
We did not make attempts to treat exceptional configurations using, for instance, the methods described in ͓31͔. Instead, we have chosen to eliminate them from our statistical ensemble. That is, at ␤ϭ6.0, 16 3 ϫ48, we have removed the two configurations which produced the most extreme values in the distribution of the unsmeared pion propagator for c sw np and on which the inversion of the Dirac operator did not converge for some of its components. The latter also occurred on another configuration if a fuzzed source was used, and that configuration was subsequently removed as well.
The total number of exceptional configurations which were removed for a particular data set are shown in brackets in Table I . Note that no configurations were eliminated from the TAD data sets.
For our range of ␤ values and the corresponding values of c sw , the incidence of exceptional configurations is still relatively small. Their fraction in the NP data set amounts to less than 1% on 16 3 ϫ48 ͑3% on 32 3 ϫ64͒, and after the analysis presented here we do not expect serious distortions of the statistical ensembles due to their removal.
III. RESULTS FOR PSEUDOSCALAR AND VECTOR MASSES
In Tables II-V we present our ''raw'' results for meson masses in the pseudoscalar and vector channels, which were obtained from the fits described in the previous section. The fit ranges were determined independently for the ͑LL,SL͒ and ͑LL,SS͒ combinations of correlators. Both combinations gave consistent results, and in general we quote the result from the fit which gave the best value of 2 /N DF . In the pseudoscalar channel the fits were very stable under variations of the fitting interval. By contrast, the fits in the vector channel could in some cases differ by up to one standard deviation if a different fitting interval was selected. We estimate the systematic error in the mass of the vector meson arising from choosing alternative fitting ranges to be at most as large as the statistical error. This systematic error has not been included in the tables. 
A. Finite-volume effects
Based on our results for the NP data set obtained at ␤ ϭ6.0 on 16 3 ϫ48 and 32 3 ϫ64, we can make a first estimate of finite-size effects in the mesonic sector. In physical units the spatial extensions of the two lattices correspond to L Ϸ1.5 and 3.0 fm, respectively.
In the pseudoscalar channel we find indications for small but significant finite volume effects. On the smaller lattice the values for am PS are consistently larger. Furthermore, the effect shows a trend to increase as the quark mass gets smaller. Both these observations are consistent with the expected qualitative features of finite-size effects. The differ- ence in am PS determined for the two lattice sizes amounts to 0.6% at the largest and 1.5% at the smallest quark mass. At all values of the deviation is a 2 effect. By contrast, no statistically significant finite-size effects are observed in the vector channel. In fact, the values for am V are slightly higher on the larger lattice. This might be attributed to the fact that no estimate for contributions from excited states was available for all hadron masses computed on 32 3 ϫ64, since only single-cosh fits could be performed. Indeed, one of the caveats in the analysis of finite-volume effects in both channels is the fact that the data for the two lattice sizes shown in Tables II and III have not been obtained using the same fitting procedure. We have, therefore, repeated the analysis for the smaller volume, by performing single-cosh fits for appropriately chosen intervals. The results are consistent with those shown in the tables. However, in the pseudoscalar channel it is also possible to choose small fitting intervals close to t max such that the single-cosh fits on LϷ1.5 fm produce smaller values with larger errors, which are both compatible with the results in the tables and also with those obtained on the larger volume. We conclude that the finite-size effects observed in the pseudoscalar channel appear to be genuine, but without further investigations one cannot rule out entirely that they have a statistical origin. For vector mesons no significant effects are observed.
B. Vector-pseudoscalar mass splitting
It has been known for some time that lattice results obtained in the quenched approximation fail to reproduce the experimental fact that the vector-pseudoscalar hyperfine splitting is constant over a wide range of quark masses, i.e., m V 2 Ϫm PS 2 Ϸ0.55 GeV 2 . Indeed, lattice estimates for this quantity are in general much lower when unimproved Wilson fermions are employed.
In order to study the effect of O(a) improvement on the hyperfine splitting, we have plotted our results for the NP and TAD data sets in Figs. 1͑a͒ and 1͑b͒, respectively. In order to display the influence of finite lattice spacing, we have expressed our results in units of the hadronic radius r 0 ͓33͔, using its lattice determination in Ref. ͓34͔. The figure demonstrates that with improvement ͑either nonperturbative or mean field͒ the hyperfine splittings show much weaker variation over the studied range of quark masses, compared to the unimproved case ͑see, e.g., Ref. ͓19͔͒. However, the small slope in the data for r 0 2 (m V 2 Ϫm PS 2 ) as a function of (r 0 m PS ) 2 suggests that the experimentally observed very weak dependence on the quark mass is not reproduced by the lattice data.
By comparing the NP and TAD data sets, it appears that the dependence on the lattice spacing is somewhat smaller for nonperturbative c sw . Of course, this needs to be corroborated in a real scaling analysis at a fixed value of (r 0 m PS ) 2 . At first sight it may seem surprising that the lattice results for the hyperfine splitting overestimate the experimentally observed values. However, lattice results for the splittings in the quenched approximation in physical units depend strongly on the choice of scale. Indeed, if the scale is set using m K , the lattice values are much closer to experiment ͓35,28͔. However, the main focus of this discussion is the analysis of the dependence on the quark mass and the lattice spacing. The parameter J was introduced ͓36͔ as a means to detect deviations between the quenched approximation and the observed hadron spectrum without relying on chiral extrapolations. It is defined through
and is thus related closely to the slope of the vectorpseudoscalar splitting discussed above. Its phenomenological value has been determined from the experimentally measured masses as Jϭ0.48(2). In Fig. 2 we plot our results for all our data sets as a function of the lattice spacing. Our values confirm previous observations that J is underestimated in the quenched approximation. In fact, one finds that the low values for J have little to do with lattice artifacts, since there is no sign of the data approaching the phenomenological value for J in the continuum limit. We conclude that low lattice estimates for J appear to be an intrinsic feature of the quenched approximation.
IV. RESULTS FOR OCTET AND DECUPLET BARYONS
Our results for masses of octet and decuplet baryons are shown in Tables VI-XII. They have been obtained by performing double-exponential fits to the ͑LL,SS͒ or ͑LL,SL͒ combination of baryon correlation functions, except on 32 3 ϫ64 for the NP data set at ␤ϭ6.0, where-in analogy to the fits of the large-volume data in the mesonic sector-only single-exponential fits to smeared correlators were considered.
Tables VI and VII contain the results for baryon masses in the nucleon (J P ϭ 1 2 ϩ ) and ⌬(J P ϭ 3 2 ϩ ) channels for degenerate combinations of quark masses, together with the fitting ranges and the values of 2 /N DF . These results can be extrapolated to the physical values of the quark masses in order to determine the masses of the nucleon, the ⌬͑1232͒, and the ⍀͑1672͒, as described in Sec. V.
A. Baryons for nondegenerate quark masses
In order to compute the masses of the physical ⌳, ⌺, and ⌶ states, one has to consider baryon correlators for nondegenerate combinations of quark masses. In the octet sector one has to distinguish between ''⌺-like'' and ''⌳-like'' correlators. Using the generic notation u,d,s to denote quark flavors, we note that ⌺-like states are symmetric in the light flavors u,d, whereas ⌳-like states are antisymmetric. On the lattice the corresponding correlators are obtained by performing the appropriate contractions ͓37,38,28͔. The J P ϭ 1 2 ϩ states of the ⌺ and ⌳ are then obtained from the correlation functions by averaging the 11 and 22 spinor indices.
The correlators for decuplet baryons, which are symmetric in all flavors u,d,s, are simpler to construct. They are obtained in terms of the interpolating operator
where i,j,k denote the quark flavor, a,b,c are color indices, and C is the charge conjugation matrix. Correlation functions for decuplet baryons are constructed from the correlation of D ;i jk by projecting out the spin- shown, are mostly identical to those chosen for the corresponding channels in the degenerate case ͑Tables VI and VII͒. With our statistical accuracy we are not able to distinguish between ⌺-and ⌳-like states; the different symmetry properties in the quark flavors corresponding to the hopping parameters 1 and 2 do not manifest themselves in statistically significant mass differences. By extrapolating or interpolating the data in 1 , 2 , 3 to the hopping parameters corresponding to the physical quark masses, one obtains the masses of the ⌳, ⌺, ⌺*, ⌶, ⌶*, and ⍀. Note that nondegenerate combinations of quark masses have not been computed at ␤ϭ5.7.
B. Finite-volume effects in the baryonic sector
The issue of finite-volume effects is of special importance in the baryonic sector where these effects are expected to be more severe than for mesons. With our data we can assess the influence of finite-volume effects by comparing our results computed at ␤ϭ6.0 on either 16 3 ϫ48 or 32 3 ϫ64 using the nonperturbative value of c sw .
The numbers in Tables VI, VIII , and IX suggest that on the large volume the mass estimates for both octet and decuplet baryons are slightly smaller. For octet baryons this decrease amounts to about 1.4% at the largest and 2.7% at the smallest quark masses. The effect is roughly twice as large as for the pseudoscalar mesons discussed earlier. Although finite-size effects for octet baryons are not significant at our level of statistical accuracy, this does not necessarily indicate that those effects are absent.
For decuplet baryons the finite-volume effects are more pronounced; they vary between 2.4% and 5.5%, again increasing towards smaller quark masses. Here the discrepancy between the results on the small and large volumes amounts to about 1.5 standard deviations. Thus we cannot exclude finite-size effects in our baryon data at a level of up to 2.5% for octet and 5.5% for decuplet baryons.
V. QUARK MASS DEPENDENCE
In this section we discuss the dependence of mesons and baryons on the quark mass. Usually, this dependence is modeled using the results of chiral perturbation theory at lowest order. It is then quite a delicate problem to decide whether higher orders in the chiral expansion have to be included. Furthermore, additional care must be taken in the quenched approximation, where one expects deviations from the leading behavior for very small quark masses ͑i.e., close to the chiral limit͒, due to the appearance of quenched chiral logarithms ͓39,40,37,41͔. We will first motivate the functional forms for the quark mass dependence used in this paper, determine the critical hopping parameter, and then present our results for hadron masses extrapolated or interpolated to the physical quark masses.
A. Fit ansatz and the critical hopping parameter
Usually, the critical value of the hopping parameter c is determined at the point where the mass of the pseudoscalar meson vanishes, m PS ϭ0. The simplest ansatz for the quark mass dependence of m PS , which is consistent with O(a) where m q,i , iϭ1,2, denotes the rescaled, bare quark mass defined in Eq. ͑7͒.
Assuming that the ansatz in Eq. ͑13͒ is justified ͑i.e., both higher orders in the quark mass as well as quenched chiral logarithms are assumed to be absent͒, we have determined c using both degenerate and nondegenerate combinations of quark masses, by inserting the definition of m q into Eq. ͑13͒, which leads to the general fit ansatz 
where the fit parameters ␣, ␤, and ␥ are related to B, c , and
Bb m 4 .
͑15͒
As mentioned in Sec. II, we have used the tadpole-improved perturbative estimate at one loop for b m . In order to study the sensitivity of c on b m , we have also used its estimate in one-loop perturbation theory in the bare coupling, as well as its tree-level value b m ϭϪ1/2 and, at ␤ϭ6.2 for the NP data set, the nonperturbative determination of Ref. ͓24͔. In order to enable direct comparisons with c estimates from earlier simulations using tadpole improvement, we have also computed c for b m ϭ0 for the TAD data set. Our results, which are collected in Table XIII , show little dependence on the value of b m . The largest deviations are observed at ␤ ϭ5.7. Furthermore, using the nonperturbative value of b m at ␤ϭ6.2 yields a result which is entirely compatible with the ones obtained using one-loop perturbative estimates. We conclude that for our range of quark masses, estimates for b m based on one-loop perturbation theory are sufficient to obtain stable results for c for ␤տ6.0.
We can now justify our ansatz, Eq. ͑13͒, by plotting m PS 2 as a function of (m q,1 ϩm q,2 )/2 in units of r 0 for both NP and TAD data sets. This is shown in Fig. 3 where the lines denote the fits based on Eq. ͑13͒. The plots show that no significant departure from the linear behavior predicted by lowest-order chiral perturbation theory is observed in the range of quark masses investigated. Thus we find no evidence for higher-order terms in the chiral expansion of m PS 2 ; nor do our data support the presence of quenched chiral logarithms. The latter is most probably due to the fact that the quark masses used in our simulations are not light enough.
Furthermore, we wish to point out that a more sophisticated analysis ͓18͔ of the quark mass dependence of the data in Table II revealed that higher-order terms proportional to (m q,1 Ϫm q,2 ) 2 contribute below the 1% level. Based on our observations in the pseudoscalar channel, which usually offers the most precise information about the quark mass dependence, we have used the following functional forms for vector mesons, octet, and decuplet baryons:
The corresponding fits are shown in Figs. 4 and 5 for the NP and TAD data sets, respectively. As in the case of pseudoscalar mesons, we observe that for our level of precision and range of quark masses there is no evidence for curvature in the data. We conclude that Eqs. ͑13͒-͑18͒ represent appropriate fitting functions for our data. A detailed analysis of more complicated models for the quark mass dependence described in ͓28͔ resulted in similar findings. In a given channel ͑i.e., pseudoscalar and vector mesons, ⌺-, ⌳-, and ⌬-like baryons͒ we have determined the parameters B,A V ,C V ,... from uncorrelated, simultaneous fits to degenerate and nondegenerate combinations of quark masses. The only exception was the dataset at ␤ϭ5.7, for which only two degenerate combinations of quark masses had been computed in the baryonic channels. Therefore, the quark mass dependence at ␤ϭ5.7 is not really controlled. Nevertheless, we have included the results in the following analysis.
B. Hadrons at physical values of the quark masses
Our task now is to make contact with the physical hadron spectrum by matching the quark masses in Eqs. ͑13͒-͑18͒ to the masses of the physical u, d, and s quarks. Here we employ the axial Ward identities, which, for the physical pseudoscalar mesons ͑in the continuum theory͒, read By assuming isospin symmetry, i.e., m u ϭm d , one can define the so-called ''normal'' quark mass m n through
and the isospin-averaged combination of kaon masses as
Inserting m K Ϯ 2 ϭ493.7 MeV and m K 0ϭ 497.7 MeV ͓42͔, one obtains 2 m K ϭ495.7 MeV. ͑25͒
Using our lattice estimates for the parameter B, we can determine the combination of ͑bare͒ quark masses m s ϩm n and the quark mass m n through
where Q is the quantity which sets the lattice scale and the subscript ''phys'' denotes that the physical ratio is to be taken. It is a well-known fact that in the quenched approximation there is an intrinsic ambiguity associated with the lattice scale. In order to estimate this ambiguity, we have used three different quantities for Q, namely,
Here the value m K * ϭ893.9 MeV is the isospin-averaged re-
. Lattice data for r 0 /a and its error at all relevant ␤ values were taken from Ref. ͓34͔ . In particular, we used the interpolating formula, Eq. ͑2.18͒ of ͓34͔.
The following comments apply to our chosen set of lattice scales.
͑i͒ On the lattice the mass of the K* meson is obtained through an interpolation of data points, which is intrinsically a safe procedure. However, the physical K* is an unstable hadron with a finite width; resonance effects are not controlled in the lattice calculation.
͑ii͒ The nucleon is a stable hadron, but in lattice simulations its mass is obtained only by an extrapolation close to the chiral limit. In view of the possible presence of quenched chiral logarithms, this extrapolation is hard to control. Furthermore, precise lattice determinations of baryon masses are more difficult compared to the mesonic sector, due to larger statistical errors and the possibility of relatively large finitesize effects.
͑iii͒ The hadronic radius r 0 is known accurately for a wide range of lattice spacings ͓34͔, but a direct experimental measurement is not available. Its phenomenological value of r 0 ϭ0.5 fm is estimated from potential models fitted to experimental data.
In Table XIV we have collected the results for the hopping parameters n and s , corresponding to the quark masses am n and am s , obtained for our three different choices of Q and using the tadpole-improved perturbative estimate for b m in the definition of am q . Thus, in spite of the difficulties associated with extrapolations to the chiral limit, we have chosen to compute am n and to quote lattice estimates for m , m N , and m ⌬ .
The physical vector meson, octet, and decuplet baryon masses have been computed by inserting the appropriatecombinations of am n and am s , corresponding to the physi-2 In principle, one also has to compensate for the electromagnetic binding energy of about Ϫ0.7 MeV in Eq. ͑25͒ ͑see, e.g., Ref. ͓18͔͒. However, this has not been done in this paper. Fig. 4 for the TAD data set. Open squares, solid circles, and crosses denote the data at ␤ϭ6.2, 6.0, and 5.7, respectively.
FIG. 5. Same as
cal quark content, into Eqs. ͑16͒-͑18͒. The results, in units of either r 0 , m K * , or m N , are shown in Tables XV, XVI, and XVII, respectively. These tables contain the data with L/aр24 only. For completeness, the nonperturbatively improved data obtained on 32 3 ϫ64, ␤ϭ6.0, which have not been used in the continuum extrapolation, are listed in Table  XVIII .
It has been observed that several tests of the quenched approximation can be performed at intermediate values of the quark mass ͑e.g., near the strange quark mass͒, so that extrapolations to the chiral limit as a reference point are not required ͓36͔. Furthermore, it has been suggested that properties of the effective chiral Lagrangian can be studied for unphysical quark masses. A convenient reference point for future lattice studies is then provided by the condition (m PS r 0 ) 2 ϭ3.0, which has already been chosen in Ref. ͓18͔. We have interpolated our results in the vector meson, ⌺, and ⌬ channels to that point by defining a reference quark mass m ref through
and inserting its value into Eqs. ͑16͒-͑18͒. The results are shown in Table XIX . Another reference point which does not require extrapolations to the chiral limit is defined at the point where
Results for the vector meson and nucleon masses at the reference point defined by Eq. ͑30͒ have been quoted in ͓14,9͔. Our estimates in the vector, ⌺, and ⌬ channels are included in Table XIX . By comparing the results in Tables XIX and XV, one observes that both reference points correspond to the case of degenerate light quarks with masses around that of the strange quark.
VI. CONTINUUM LIMIT
We are now in a position to discuss the extrapolation of our results to the continuum limit. This will finally enable us to make a direct comparison with experimental data and the results of Ref. ͓4͔, obtained using the unimproved Wilson action.
For hadron masses computed using the nonperturbative determination of c sw , the leading cutoff effects are expected to be of order a 2 . Detailed scaling studies have confirmed that the approach to the continuum limit for spectral quantities ͓9,43͔ and matrix elements ͓43͔ is indeed consistent with such a leading order. By contrast, it is expected that small terms of order a cannot be excluded when tadpole improvement is used ͓14͔.
From our list of simulation parameters in Table I it is clear that separate continuum extrapolations of the results for the NP and TAD data sets are not feasible. We have therefore chosen to perform simultaneous extrapolations by assuming leading lattice artifacts of order a 2 for the NP and artifacts of both order a and a 2 for the TAD data set. The ansatz for the continuum extrapolation of a generic hadron mass M in units of r 0 then reads
In other words, one requires that the data computed for nonperturbative and tadpole improvement extrapolate to a common continuum value. By combining the results obtained at three ␤ values for tadpole improvement with those at two ␤ values in the case of nonperturbative improvement, we have five data points to determine the four fit parameters M, B NP , A TAD , and B TAD . Note that the data obtained on 32 3 ϫ64 at ␤ϭ6.0 have not been used. It is worth pointing out that the spatial volume at ␤ϭ5.7 is larger than those for the larger two ␤ values which enter the extrapolations.
In Fig. 6 we show examples of continuum extrapolations based on Eq. ͑31͒, namely, one representative of each of the vector meson, octet, and decuplet baryon channels, respectively. The extrapolations have been repeated for the other two choices of the lattice scale, i.e., Qϭm K * and m N . The value of 2 /N DF for these fits was quite low ͑below 1͒ for all channels considered.
The results are listed in Tables XV-XVII in the row labeled ''Cont.'' These numbers represent the final results for the physical hadrons in this paper. In addition we have also performed continuum extrapolations of hadrons interpolated to (m PS r 0 ) 2 ϭ3.0. The results are also included in Table  XIX. To check whether or not the continuum extrapolations for different choices of the lattice scale are controlled, one can compare, for instance, the continuum result for a particular hadron in units of m K * , i.e., (M /m K * ) with the ratio (r 0 M )/(r 0 m K * ). It then turns out that not only are the values consistent within errors, but they are also numerically very close. This gives us further confidence that the continuum estimates in Tables XV-XVII are reliable. From the results in the tables, one can also estimate the size of lattice artifacts at a fixed ␤ value, say, ␤ϭ6.0, which roughly corresponds to aϷ0.1 fm. Using the numbers from Table XV , one infers that lattice artifacts for both mesons and baryons at ␤ϭ6.0 are of the order of 5% or less. Apart from Tables XV-XIX and Fig. 6 , some information about the relative scaling behavior of the NP and TAD data sets can also be gained from Figs. 3-5. Here one observes that data for mesons and baryons in units of r 0 are almost independent of the lattice spacing for ␤у6.0. This is particularly pronounced when nonperturbative improvement is employed. It is also clear that significant lattice artifacts are present in the tadpole improved data at ␤ϭ5.7. Tables XV-XVII employed in ͓18͔ are quite different to those used in this paper ͑see also ͓17͔͒, this agreement is an important check of the stability of our results, both at finite lattice spacing and in the continuum limit. As mentioned in the Introduction, one important goal of this study is to corroborate earlier findings by GF11 ͓5͔ and the CP-PACS Collaboration ͓4͔, using an improved discretization of the QCD action. In Fig. 7 we present our final results in physical units, computed using either m K * or m N to set the scale. Our numbers are compared to the CP-PACS results, obtained using m to set the scale and to the experimental numbers.
VII. DISCUSSION AND CONCLUSIONS
Our final results in
The first observation is that, on the whole, the two simulations agree quite well, although the errors quoted by CP-PACS are in general much smaller. This confirms the previous conclusion that the quenched light hadron spectrum agrees within 10% with experiment. This independent confirmation, using results in the O(a) improved theory, is an important result, since lattice artifacts for unimproved Wilson fermions are in general much larger ͓35,9͔, so that continuum extrapolations can be quite drastic.
It must be mentioned, though, that the overall precision of our results cannot match those of Ref. ͓4͔ for the following reasons. First, our calculations have been performed in a fairly narrow range of quark masses, for relatively small volumes ͑mostly for LϷ1.5 fm͒. Therefore, possible deviations from a linear quark mass dependence close to the chiral limit could not be detected or controlled. This affects mainly states like the , nucleon, or the ⌬. Indeed, the modeling of the observed downward curvature in the data reported in ͓4͔ turned out to be a significant factor in the detection of the deviation from the experimentally observed spectrum. Furthermore, as far as our baryonic data are concerned, the chiral behavior at ␤ϭ5.7 is not controlled at all, since only two data points have been computed, so that we had to assume linearity in the quark mass. Finally, our data are subject to finite-size corrections. For hadron masses computed at the physical values of the quark masses these effects amount to at most 2% for vector mesons, 1-3 % for octets, and 4-8 % for decuplet baryons ͑cf. Tables XV-XVIII͒. To some extent one can check against possible finite-size effects in our results by setting the scale using the nucleon mass. As a baryon, the nucleon might also be affected more by finite-size effects, and it is reasonable to expect a ͑partial͒ cancellation of these effects in the ratios m hadron /m N . Indeed, as can be seen from Fig. 7 , our results in physical units decrease when the scale is set by m N rather than m K * , although the difference is mostly not significant.
If the differences in the results due to different choices of the lattice scale is not attributed to finite-size effects, then they serve to estimate the intrinsic scale ambiguity in the quenched approximation in the continuum limit. On the basis of the results in Tables XV-XVII, one can infer that in the most extreme cases the difference between the highest and lowest values in physical units amounts to about 20%. We may then assign an uncertainty of Ϯ10% to our results in physical units as a consequence of the scale ambiguity.
To summarize, we have presented a comprehensive study of the light hadron spectrum in quenched QCD, using improved Wilson actions. Qualitative results indicate an improved behavior of the pseudoscalar-vector mass splitting. The parameter J, on the other hand, shows no sign of approaching its phenomenological value of 0.48͑2͒, even in the continuum limit. This appears to be an intrinsic feature of the quenched approximation.
Our results show that O(a) improvement works well for spectral quantities. Hadron masses computed for nonperturbative c sw and expressed in units of r 0 show almost no dependence on the lattice spacing for ␤у6.0. We also find that the extrapolations to the continuum limit are quite mild in general. That is, for aϷ0.1 fm lattice artifacts amount to about 5% or less. We have presented further evidence that the quenched light hadron spectrum agrees with experiment to within 10%. Further technical improvements, including, in particular, the modeling of the quark mass dependence and the addition of more points in the continuum extrapolations should be implemented to increase the overall precision. The next step is the extension of this investigation to decay constants and matrix elements. First results have already been presented in ͓44-46͔. Here an attractive feature is the availability of nonperturbative determinations of some renormalization factors ͓47,48͔.
